Intestinal alkaline sphingomyelinase (alk-SMase) digests sphingomyelin and the process may influence colonic tumorigenesis and cholesterol absorption. We recently identified the gene of human alk-SMase and cloned the cDNA (J Biol Chem 278:38528-38536, 2003).
Introduction
Alkaline sphingomyelinase (alk-SMase) was first found in the intestinal tract of human, rat and pig by Nilsson [1] . The enzyme hydrolyses sphingomyelin (SM) in the gut to ceramide, which is in turn hydrolyzed by ceramidase to sphingosine. Both ceramide and sphingosine are important signalling molecules that inhibit cell proliferation and induce differentiation and apoptosis [2] . SM digestion in the gut may have physiological and pathophysiological implications. Previous studies found that supplement of SM and ceramide analogues in the diet inhibited the development of chemically induced colon cancer in mice [3, 4] . We reported that the activity of alk-SMase, the most abundant SMase in the intestine, is significantly reduced in colon adenoma and carcinoma tissues [5, 6] . Recently, we also identified a mutant alk-SMase mRNA which encodes an inactive alk-SMase in HT-29 cells, a poorly differentiated colon cancer cell line [7] .
We have purified alk-SMase from human and rat intestine [8, 9] , identified the gene of human alk-SMase and cloned the human alk-SMase cDNA [10] . The human enzyme is a type of ecto-enzyme sharing 32% identity with the nucleotide phosphodiesterase (NPP) family.
The two metal binding sites in NPP formed by 6 amino acid residues were conserved and the predicted active core of NPP was modified in human alk-SMase. Human alk-SMase has transmembrane domains at both N-and C-terminals. The N-terminal domain is a predicted signal peptide and that at the C-terminal is a signal anchor [10, 11] . The enzyme is hooked on the brush border membrane with the C-terminal anchor. Pancreatic trypsin cuts the anchor and releases the enzyme into the intestinal lumen [11] . Human alk-SMase is a glycoprotein with five potential N-glycosylation sites. [10] .
Based on the human alk-SMase sequence, BLAST searches in GenBank found a predicted rat protein XP_221184, which contains 491 amino acid residues 73% identical with those in human alk-SMase. This means that the mass of the hypothetical protein is greater than the mass of human alk-SMase, which is not in agreement with our previous findings that the mass of rat alk-SMase purified from small intestine was smaller than that of human enzyme (458 residues) [10] . Whether this predicted protein is correct and its cDNA does encode rat alk-SMase thus requires clarification. In the present work, on the basis of the cDNA sequence XP_221184, we cloned rat intestinal alk-SMase from rat intestinal mucosa, compared the enzyme with human alk-SMase at molecular level, adjusted the sequence of rat alk-SMase, and studied its expression in gut and other tissues. After 48 h, an aliquot of the cell culture medium was collected. The cells were scraped and centrifuged. The cell pellets were lysed in 100 µl buffer containing 50 mM Tris-HCl, 1 mM PMSF, 2 mM EDTA, 0.5 mM dithiothreitol, 10 µg/ml leupeptin, 10 µg/ml aprotinin, and 10 mM taurocholate as described previously [10] .
Materials and Methods

Materials
Alk-SMase assay. The alk-SMase activity was determined according to Duan and Nilsson [13] . Briefly, 5 µl sample was incubated in 95 µl 50 mM Tris-HCl buffer, containing 0. Western blotting. Western blotting of expressed alk-SMase was performed as described elsewhere [10] . In brief, the cell lysate containing 50 µg cellular proteins was subjected to 10% SDS-PAGE and then transferred to nitrocellulose membrane electrophoretically. After blocking, the membrane was probed with anti-myc (1:10000) or anti-human SMase antibody Identification of tryptic peptides from alk-SMase purified from rat intestine. Rat intestinal alk-SMase was purified in our laboratory as described [9] . The enzyme preparation was subjected to10% SDS-PAGE and stained with Coomassie blue. The stained protein band was cut from the gel and placed in an Eppendorf tube for in gel digestion [14] . Washing was carried out in 0.2 M ammonium bicarbonate containing 50% acetonitrile. The protein was reduced using dithiothreitol and alkylated with iodoacetamide, followed by in-gel digestion with 0.5 µg of trypsin (Promega, modified) in 0.2 M ammonium bicarbonate overnight at 37°C [14] . The tryptic peptides were extracted using acetonitrile in 0.1% trifluoroacetic acid, first at 60% and then at 40%. Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry and liquid chromatography electrospray ionization (ESI) tandem mass spectrometry of tryptic fragments were carried out using a Voyager DE Pro instrument (Applied Biosystems) and a QTOF ultima API instrument (Waters), respectively.
Identification was based on a comparison of theoretical mass values and sequences for tryptic fragments derived from the cDNA sequence and those found in the in-gel digest [15] .
Enzyme characterization. To identify the optimal pH of the expressed enzyme, the SMase activity was determined in buffers of various pH, as described previously [9] . Since previous studies have shown that bile salts at critical micellar concentration has maximal stimulatory effect on alk-SMase [9] , the effect of bile salt on alk-SMase activity was determined at the following critical micellar concentrations: 10 mM for taurocholate (TC) and glycocholate (GC), 1.5 mM for taurochenodeoxycholate (TCDC), 6 mM for taurodeoxycholate (TDC) and glycodeoxycholate (GDC). As a comparison, the effect of 0.12% Triton X-100 was also examined.
Northern blotting. Rats were anesthetized by i.m. injection of a mixture of ketamin and xylazin (1:2). Tissue samples of stomach, duodenum, jejunum, ileum, colon, liver, pancreas, brain, lung, heart, spleen, kidney, and skeleton muscle were removed and put into 1ml of RNAlater RNA stabilization Reagent. Total RNA was extracted and purified and 20 µg of total RNA from each tissue was separated by electrophoresis and transferred to Zeta-probe GT nylon membrane by capillarity and fixed for 0.5 h at 80 ºC. The membrane was stained with methylene blue to show 28S and 18S rRNAs as an index for equal amount of total RNA loaded. The membrane was photographed and destained with 0.2 x SSC containing 1% SDS.
The cloned rat alk-SMase cDNA was cleaved from constructed plasmid with KpnI/NotI, and labeled with fluorescein according to the instruction of the manufacturer. The RNA transferred to the nylon membrane was then hybridized with the labeled probe at 65ºC overnight. After washing and blocking, the membrane was probed with anti-fluorescein antibody conjugated with alkaline phosphatase (1:5000). The labeled mRNA was identified by CDP-Star detection module and the emitted light was recorded on Kodak X-ray film.
Results
Cloning of rat alk-SMase cDNA. Using primers designed on the basis of the GenBank sequence XP_221184, RT-PCR identified a 1.3 kb cDNA fragment from rat intestinal mucosa. The cDNA was cloned into a mammalian expression vector with a myc tag and sequenced. The results are shown in Fig. 1 . The reading frame contains 1320 bp, which encodes a protein with 439 amino acid residues. To examine whether this gene product is alkSMase, rat alk-SMase purified from rat small intestine [9] was subjected to trypsin digestion followed by MALDI mass spectrometry and ESI tandem mass spectrometry. The masses of seven tryptic peptides and sequence information for five of these were determined and found to match theoretical data for tryptic fragments derived from the amino acid sequence of the cloned cDNA.
Transient expression of the cDNA and characterization of the expressed protein.
To further confirm that the cloned cDNA encodes alk-SMase, the cDNA with a myc tag was expressed in COS-7 cells. As shown in Being similar to the characteristics of the purified rat alk-SMase from rat intestinal mucosa [9] , the expressed enzyme showed highest SMase activity at pH 9.0 (Fig. 3, upper panel). Another specific property of intestinal alk-SMase is the selective dependency of the enzyme activity on TC and TCDC [9] . This was also the case for the expressed enzyme as shown in the lower panel of Fig. 3 . TC and TCDC are the most effective bile salts to activate alk-SMase. Also in good agreement with previous findings was that the taurine conjugated bile salts were more effective than the glycine conjugates (Fig.3, lower panel) . Like the rat and human enzymes earlier purified from intestine, the activity of the expressed rat-SMase was completely inhibited by Triton X 100.
Sequence comparison of the expressed rat alk-SMase with human alk-SMase and the hypothetical protein XP_221184. A comparison of the cloned rat alk-SMase with human alk-SMase and the protein XP_221184 is shown in Fig. 4 . The cloned rat alk-SMase shared 85% identity with human alk-SMase, which is higher than the corresponding value i.e. 73%
for XP_221184. The putative active motif TMTSPCH (residues 71-78), the amino acids forming the metal ion binding sites (D38, D198, H202, D245, H246, and H352), and the potential N-glycosylation sites (99,120,145,167,266) in human alk-SMase are all conserved in the cloned enzyme as well as in XP_221184. However, one segment containing 18 amino acid residues, from H414 to G431, was found in human alk-SMase but not in rat enzyme and XP_221184.
When the cloned rat alk-SMase was compared with the predicted XP_221184 protein, two sequences in XP_221184 were not found in the cloned rat enzyme. The first is the sequence from V133 to Q187 and the second is that from S398 to P403. These two sequences
were not present in human alk-SMase either. There is a tryptic site (Arg) at residue 342 for rat alk-SMase and 343 for human alk-SMase. Mass spectrometry on purified rat alk-SMase verified the existence of the Arg in the native enzyme. But the Arg is not presented in the predicted protein XP_221184.
We then examined rat genomic DNA sequence (NW_047902) and found that the cloned rat alk-SMase cDNA differed from XP_221184 at four splice sites, which link exons 2 and 3, and exons 3 and 4. As shown in In the analysis by TMpred, we found that rat alk-SMase, similar to human alk-SMase, has one transmembrane domain in both N (G2-V19) and C (Q421-V439) terminals (Fig 6) .
However, the sequences forming the hydrophobic domains in rat alk-SMase differ significantly from those in human alk-SMase (Table 1) . It is notable that in both human and rat alk-SMase, there is an Arg upstream the C-terminal transmembrane domain (position 421
for rat and 440 for human). The significance of this tryptic site will be discussed later.
Alk-SMase expression in rat organs.
To identify the expression of the alk-SMase gene in different organs, Northern blotting of total RNA from the organs of the gastrointestinal tract as well as from other organs was performed. As shown in Fig 7, high levels of alkSMase mRNA was identified in jejunum. By this method, alk-SMase mRNA was hardly detected in stomach, duodenum, ileum, colon, liver, and pancreas, and neither in other tissues including brain, heart, lung, spleen, kidney, and skeletal muscle (data not show).
Discussion
Intestinal alk-SMase is an enzyme that has recently gained increasing attention duo to its potential roles in digestion of dietary SM, cholesterol absorption, and colonic carcinogenesis [16] [17] [18] [19] . The enzyme is located on the surface of the brush border membrane as an ectoenzyme and it hydrolyses both endogenous and exogenous SM in the intestinal tract [8, 10] .
Although the activity of the enzyme has been found in the intestinal tract of many species, purification of the enzyme from intestine was not successful until recently [8, 9] . Up to date, only the cDNA of human alk-SMase has been cloned [8] and no cloning of the enzyme directly from normal intestinal tissue has been reported. The present study, for the first time, cloned the enzyme from rat intestinal tract, clarified a discrepancy between a predicted alkSMase protein in GenBank and the native purified enzyme, and compared the rat enzyme with the human form at molecular levels.
The following pieces of evidence indicate that the cDNA that we cloned does code for rat intestinal alk-SMase. First, the cDNA was cloned directly from rat intestinal mucosa and the amino acid sequence shares 85% identity with human alk-SMase, which is higher than for the predicted protein XP_221184. All the critical domains of alk-SMase including the predicted active core, the metal binding sites which we predicted to be the site for SM binding [10] , and the glycosylation sites are conserved. The rat enzyme lacks a sequence containing 18 amino acid residues from H414 to G431 present in human alk-SMase, which is in good agreement with our previous finding that rat intestinal alk-SMase is about 2 kDa smaller than human alk-SMase [8] . Secondly, MALDI mass spectrometry and ESI tandem mass spectrometry of proteolytic fragments from the native enzyme purified from intestinal mucosa identified seven tryptic peptides that match the translated protein sequence from the cloned cDNA. Thirdly, expressing the cloned cDNA in COS 7 cells demonstrates high SMase activity with alkaline pH optimum. The enzyme activity, similar to purified alk-SMase from human and rat, was specifically dependent on TC and TCDC, and inhibited by other detergents such as Triton X 100 or CHAPS. Such a dependency on physiological detergents and an inhibition by other non-physiological detergents have never been reported for any other type of SMase. Finally, the expressed enzyme with a myc-tag cross-reacted with both anti-myc and anti-human alk-SMase antibodies in Western blotting. Both the cDNA and amino acid sequences have been submitted to GenBank as rat intestinal alk-SMase (AY 568760).
As mentioned above, XP_221184, although sharing 73% homology with the human alkSMase sequence, is probably not a cDNA sequence representing the protein present in native rat intestinal tract coding for rat alk-SMase. RT-PCR in this study did not identify a product, which is greater than the one coding for our cloned alk-SMase. Other evidence against the presence of the XP_221184 cDNA in the intestine comes from tryptic digestion and mass spectrometry of fragments of purified native rat alk-SMase from small intestine. Seven peptides matched the cloned enzyme sequence and the last one has M/Z 1937.96, corresponding to the sequence from I326 to R342. Because the cleavage site R342 is not present in the predicted XP_221184 protein sequence, if rat alk-SMase is derived from XP_221184 cDNA, this tryptic segment would not be identified ( Fig. 1 and 4) . By analysis of the genomic sequence, we showed that the presented sequence of XP_221184 is a The cloning of rat alk-SMase cDNA identifies, for the first time, the full sequence of the enzyme. TMpred analysis found that the enzyme is also an ecto-enzyme with a signal peptide at the N-terminal and a signal anchor at the C-terminal. Although the amino acid residues forming the transmembrane domains in the rat enzyme differ from those in the human enzyme, an Arg residue is similarly located just upstream the C-terminal anchor in both enzymes. This residue has been suggested to be important for release of the enzyme from mucosal membrane to the intestinal lumen, as we recently showed that pancreatic trypsin rapidly cleaves the enzyme, presumably by attacking the Arg residue upstream of the Cterminal anchor [11] . In addition, we also found a segment of 18 amino acid residues (H414 to G431) located upstream of the C-terminal anchor in human alk-SMase but not in rat alk-SMase. The function of this domain is likely to be nonessential for SMase activity. Due to the location upstream of the predicated C-terminal transmembrane anchor, it may serve as an arm for the ecto-enzyme. The question whether the length of the arm affects exposure of the enzyme to the substrate both in the lumen and in the membrane, or alternatively affects the stability of the enzyme on the brush border needs further investigation.
Expression of alk-SMase is tissue specific. High activity was previously found in the middle of the jejunum in many species and additionally in human bile [1, 20, 21] . Western blotting using an antibody against rat alk-SMase has shown the presence of the protein only in the intestine not in other organs [9] . In the present study, Northern blotting only found high expression of the enzyme in jejunum and not in other organs including the liver. The results confirm the previous findings in Western blotting and imply that the low protein levels of alkSMase in many organs other than intestine is a consequence of inhibited transcription, not a reduced translation rate. High levels of alk-SMase mRNA was previously found in human liver [10] but was not found in rat liver in this study. The result is also in agreement with previous findings that alk-SMase activity is only found in human bile not in the bile of rat or many other examined species [22] . Table 1 . The amino acid residues forming the transmembrane domains at N-and C-terminals of human and rat intestinal alk-SMase.
Outside to inside  ------------------------------------------------------------------------------------------------------------- The results are mean ± SE from three experiments. In the bottom panel, the cell-free extract was subjected to Western blot with anti-myc and anti-human alk-SMase antibodies. 
